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Studies on the fabric wrapping operation 
by a dual-arm robot 
Naohiro Hayashi 
Abstract 
 
The purpose of this study is to establish a model of the wrapping-with-fabric task and to 
perform the wrapping task by a robot.  
 This paper proposes to model the wrapping-with-fabric task based on the concept of 
“target lines.” Based on the model, a human provides rough wrapping instructions. The 
system then plans the wrapping operation from the shape of the fabric and the object, and 
generates the robot motion. Finally, the task is performed by a robot. 
Although several factories have been robotized, many tasks cannot be robotized currently. 
Such tasks are too complex and delicate. They can be performed only by a human or can 
performed more effectively by a human than a robot. One such task is the handling of 
fabric. A robot cannot perform this task because fabric deforms in a complex manner, and 
therefore, the fabric shape cannot be simulated and measured accurately.  
Until now, for realizing the fabric handling task by a robot, following topics have been 
studied. 
a) Recognition of the shape and the transformation state of fabric 
b) Manipulation of fabric 
c) Manipulation of a fabric sample and an object in combination 
The performance of three-dimensional measurement sensors and computers has 
increased in the recent years. This has facilitated shape recognition studies (labelled as 
topic a above). Progress in shape recognition research has intensified studies related to 
fabric manipulation operations, such as unfolding and folding (topic b). Research into 
combined manipulation of a fabric sample and an object (topic c) is the next step in this 
progression. Such research is necessary for the automation of tasks that require 
interaction between a fabric sample and an object, such as wrapping and winding. The 
expression of the relation between a fabric sample and an object is an important problem to 
solve when considering their combined manipulation. Studies in topic c are fewer than 
those in topics a and b. In view of this background, the current study is in topic c. 
This study investigates the wrapping-with-fabric task by a robot. It focuses on the 
following subjects. 
・A method for appropriately describing the relation between a fabric sample and an object 
・A method for an intuitive instruction of the wrapping operation 
・A method for generating robot motion from the description 
First, this study proposes a method for appropriately describing the wrapping state. To 
design a general model of the wrapping-with-fabric task, describing the state of wrapping 
is the most important step. As the description method, this study introduces target lines, 
which are used in computer graphics. The target lines can be used to describe instruct 
wrapping on not only plane surfaces but also curved surfaces. For the description of 
wrapping on concave and curvature surfaces, this study proposes the concept of “local 
convex” and a method for generating the local convex. 
Second, this study proposes a method for the intuitive instruction of the wrapping 
operation. For the intuitive instruction, this study uses the movement of a human hand. 
By using a teaching device created in this study, the proposed instruction method can 
extract the intention of wrapping from a rough movement. Then, the intention is described 
using target lines. Instead of focussing on an accurate three-dimensional trajectory of the 
hand, this instruction method focuses on the relation between the trajectory and the object 
surface that the trajectory is going to pass. Moreover, for reducing the effect of shaking of 
the hand, this study proposes a correction method for target lines.  
Finally, this study proposes a method for generating robot motion from target lines. For 
execution of wrapping by actual robots, they require not only the description of the target 
lines but also hand paths and robot commands. When a robot handles fabric, it needs 
consideration of the range of motion and collisions. For overcoming such limitations, the 
robot needs to use inter- and intra-hand passing of fabric. For the generation of these hand 
paths and robot commands, target lines specify the essence of wrapping, so the generation 
methods can design both hand paths and robot commands freely. Moreover, this study 
proposes a planning method based on the reliability of various robot movements. The 
planning method generates a movement transition graph of the robot based on the 
reliability of movements. Then the method can plan an optimum combination of inter- and 
intra-hand passing to generate the basic movements of wrapping. 
This study integrates the above methods into a complete fabric wrapping robot system. 
From the rough wrapping instruction of a human, the system describes the wrapping state 
using target lines. Then, from the target lines, the hand paths that describe the fabric 
movement are generated. Finally, from the hand paths, the robot commands as a 
combination consolidation of inter and intra-hand passing are generated. 
 By using the proposed model, an actual robot successfully performed the wrapping 
operation. This study confirmed that the model is effective in describing the wrapping 
operation by robots. 
双腕アームロボットによる布被覆作業に関する研究 
林 直宏 
概要 
 
 本研究の目的は，物体を布で包む作業（被覆作業）をモデル化し，ロボットによる被覆作業
を実現させることである．本論文では「目標線」の概念に基づいて物体を布で包む作業（被覆
作業）をモデル化することを提案した．これにより，まず人間が大まかな包み方を教示し，次
に布と物体の形状から被覆作業を計画し，最終的にロボットの動作を生成し，ロボットによる
被覆作業を実現した． 
 近年，工場のロボット化が行われているが，ロボット化できない作業はまだまだ存在してい
る．それらは，人間にしか行えないような巧みで複雑な作業，あるいは，ロボットより人間の
方が効率的にできてしまうような作業である．そのような作業の１つとして，布を扱う作業が
挙げられる．布を扱う作業の中には，布単体だけでなく，物体も一緒に取り扱っていく被覆作
業が多く存在している．しかし，この被覆作業をロボットに指示するための有効な作業モデル
は確立されていない． 
 先行研究では，ロボットによる布操作の記述方法として，点，折り線や手先経路が用いられ
ている．また，コンピュータグラフィクス分野では目標線という記述方法があり，これは被覆
を表現するために用いられている．被覆作業をロボット化する上では，まず，実世界のロボッ
トのために，汎用的な被覆モデルとして必要となる物体と布の関係や作業手順を，どのように
記述すればいいのかという問題に直面する．このような点を考慮し，被覆作業に適した記述モ
デルを導入しなければならない．次に，そのような被覆のための作業記述を，実際のロボット
にどのように入力すればいいのかという問題がある．煩雑な指示方法ではなく，実空間上で人
間が考えている被覆作業を，直感的にロボットに指示できるのが望ましい．最後に，その作業
記述から実際のロボットの動きをどのように生成すればよいのかという問題が現れてくる．ロ
ボットが被覆作業を達成するためには，実際の手先軌道や干渉を回避するための動作を，状況
に合わせて生成しなければならない． 
 以上を踏まえて，本研究ではロボットによる被覆作業の課題に取り組んだ．具体的には以下
の課題について取り組んだ． 
 ・布と物体の関係を適切に表す記述方法 
 ・直感的な被覆手順の指示方法 
 ・ロボットの動作軌道の生成方法 
 まず，布と物体の関係を適切に表す記述方法について検討した．本研究では，コンピュータ
グラフィクス分野で用いられた目標線という記述方法を，実空間のロボットに導入することを
提案した．この目標線は平面だけでなく曲面形状への指示が行いやすい．そして，物体のどこ
を布で包んでいくかという被覆の本質的な情報を自然に表せる利点を持つ．その中では，凹凸
が存在するような物体に対しても被覆を行う場合があり，その凹凸を適切に処理して，作業を
記述する必要がある．そこで，物体の埋めるべき凹部と埋めるべきでない凹部分を考慮し，凹
凸へ適切な目標線指示を行うための局所凸という概念，及び局所凸生成方法を提案した． 
 次に，直感的な被覆手順の指示方法について検討した．本研究では，人間の大まかな包む指
示と被覆の関係を考え，物体と布のどこを重ね合わせるかという人間の被覆の意図を目標線と
して入力する方法を提案した．本研究は，作業指示を行う手の正確な３次元的な軌跡ではなく，
手の軌跡とその軌跡が通過していく物体表面の関係に注目した．そして，デプスセンサとモー
ションキャプチャセンサを組合せた教示デバイスを用いて，人間の被覆の意図を抽出した．そ
の中では，指示中の手振れの影響を小さくするための目標線逆走防止処理手法とスムージング
と間引き処理を合わせた補正処理手法を提案した． 
 最後に，ロボットの動作軌道の生成方法について検討した．本研究では，目標線と把持点か
ら布の動きを表す手先経路を生成する方法と，その手先経路を実行するためのロボット動作の
生成方法を提案した．実際のロボットを動かすためには，目標線だけでなく，手先経路や動作
指令が必要であり，可動域や物体との干渉を考慮し，右手と左手を用いた布の持ち替えや持ち
直しを行わなければならない．これらの情報を生成する上で，目標線が被覆の本質的な情報を
保持している．そのため，手先経路・動作指令は自動的に生成可能である．動作生成手法の中
では，各操作の布への重力の影響，動作ステップ数やロボットと布の位置関係を考慮した確実
性を求め，それを基に生成された動作遷移グラフを用いて，最適な持ち替えや持ち直し操作の
組み合わせを計画する方法を提案した． 
 以上，本研究では，物体を布で包むという被覆作業について，ロボット化のための枠組みを
提案した．さらに，各課題に対する提案方法を統合し，一連の被覆作業システムとして実装し
た．これにより，実際に人間の大まかな指示から，目標線を用いて布と物体の関係を記述し，
そこから布の動きを表す手先経路，状況に合わせた最適なロボット動作を生成できるようにな
りロボットによる被覆作業が実現した． 
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?1? ??
1.1 ??
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????????????????????????? [1–5]?
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????Fig. 1.1?????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
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(a)????? [6] (b)??????? [7]
(c)????? [8] (d)???? [9]
Fig. 1.1: ????????
?????????????? [37–39]???????????????????????
????????????? (????)???????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????Fig. 1.2??????????????????????????????????
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Fig. 1.2: ????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????
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1.2 ????
????????????????????????????????????????
?????????????????????????????????????????
????
1.2.1 ?????????????
???????????? 3???????????????????????????
?????????????????????????????????????Fig. 1.3?
?????????????????????????????????????????
?????????????????????????????? [10–13]?3?????
???????????????????????????????? [14–18]?????
?????? 3?????????????? [19–21]????????????????
??3?????????????? [22,23]???????????????????3?
????????????? [24–26]???????????
??????????????? [27]?????????????????????? [28]
???????Abbeel? [29, 30]?Allen? [31]?????????????? [32, 33]?
????????????????Allen? [34]???????????????????
(Fig. 1.4)?????????????????? [35]? Foldimate? [36]????????
?????????????????????????????????????????
? [37]????????????? [38]???? [39]??????????????????
??????????????????????? [40]?CG????????????
????? [41]?? CG??????????????Fig. 1.5????????????
?????????????????????????CG?????????????
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Fig. 1.3: ???????? [10, 19]
Fig. 1.4: ???????? [29, 31]
Fig. 1.5: CG???????????? [40, 41]
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1.2.2 ????????????
?????????????????????? (????)????????????
?????????????????????? [27, 28]???????????????
? [29,30,37]??????????? [38,39]???????? (Fig. 1.6)????????
 

(a) (b)
Fig. 1.6: (a)??? (b)????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????? 1.2????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????
????????????????? Fig. 1.7???????Table. 1.1????????
??????????????????????????????????????????
?????????????????????????????????????????
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????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????
????????????????????????????????????????
??????????????????????????????????????
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1.3 ????
????????????????????????????????????????
? 1.1,1.2???????????????????????????
a) ??????????????????
b) ???????????????????????
c) ?????????????????????????????????????
? 1.2?????????a)????????3???????????????????
???????????????????????????b)?????a)???????
???????????????????????????????? 1.1???????
??c)???????? a),b)????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????? c)??
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????
????????????????????????????????????????
??????Fig. 1.8????????????????????? (??????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?? 1.2.2????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????
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Fig. 1.8: ????????????????
????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????
????????????????????????????????????????
????????????????
 ??????????????????????????????????????
??????????????????????????????????????
???????????????????
 ??????????????????????????????????????
??????????????????????????????????????
???
 ??????????????????????????????????????
??????????????????????????????????
?????????????????????????????????????????
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?????????????????????????????????????? Fig. 1.9
?????????????????????????????????????????
???????????????????Fig. 1.10??????????????????
????????????????????? [42]??????????????????
??????????????????????????
????????????????????????????????????????
??????????
(a) ROBEAR (b) PR2 (c) PEPPER (d) HRP-2
Fig. 1.9: ??????????????????
(a) BAXTER (b) MOTOMAN (c) NEXTSTAGE (d) YuMi
Fig. 1.10: ????????????????
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1.4 ??????
???????????? 2???????????????????????????
?????????????????? 3??????????????????????
???????????????? 4????????????????????????
???????????????? 5?????????????
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?2? ?????????
????????????????????????????????????????
??????????????????????????????????Fig. 2.1(a)??
??Fig. 2.1(b,c,d)?????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
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(a)??????
(b)?????? 1 [43] (c)?????? 2 [44]
(d)?????? 3 [45]
Fig. 2.1: ????????
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2.1 ???????????
????????????????????????????????????????
????????????????????????? 3???????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????
????????????Fig. 2.2?????????????????????????
?????????????????????????????
 ??????????????????????????????????????
???????????????????????
 ??????????????????????????????????????
?????????????????
 ??????????????????????????????????????
???????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
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2.1.1 ????????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????
2.1.2 ?????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????
2.1.3 ???????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????
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2.2 ???
????????????????????????????????????????
????????????Fig. 2.3(a)????????????????????????
????????????????Fig. 2.3(b)?????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????


(a)


(b)
Fig. 2.3: (a)????????????? (b)???????????????????
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Fig. 2.4: ????????????
??????????????????????????A1?A2? 2?????????
????, A1??A2?????????? (2.1)????????.
A2TA1 =
0B@A2RA1 A2tA1
03 1
1CA ;where 03 = (0;0;0) (2.1)
???? v????A?????? Av?????. Fig. 2.4??????????????
?W ?????????????????? Loj ;Ldj ???? j?????????????
???????????? Ti??????????????????????? to????
??????????? td???????????W tT o ???????????W tT d ?
?????????????????? (2.2)??
kW tT oi  W tT oi 1k= k
W tT di  
W tT di 1
k (2.2)
???????????????????????? T oi ?????????? T di ??
?????????????????? x??????????????????????
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Fig. 2.5: ????????????
????? z??????????????????????? z???????????
?????????????????? T ???????? L?????????????
???????????????????????Fig. 2.5??????????????
?????????????????????????????????????????
????????????????????????????????????
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2.3 ?????????
????????????????????????????????????????
????????????????????????Fig. 2.6??????????????
??????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????Fig. 2.7(a)??????????????????????????????
?????????????????????????????????????????
????????????????????????????????????? [46–62]?
????????????????? global convex hull????????????????
??????????? convexity measurement [63–65]????????????????
?????? convex decomposition [66–68]??????????????Fig. 2.7(b)???
?????????????????????????????????????????
????????????????????
 
Fig. 2.6: ???????
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(a)??????? (b)???????
(c)??????? (d)???????
Fig. 2.7: Global convex hull
????Fig. 2.7(c)??????????????????????Fig.2.7(b)????
global convex hull???????????????Fig. 2.7(d)?????????????
?????????????????????????????????????????
???????????????????????????????????? global convex
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hull???????????????????????????????????????
??????????????????????????????????????global
convex hull????????????????????????????????????
???????
??????????????????????????????????Fig. 2.7???
?????????????????????????????Fig. 2.8????????
?????????????????????????????????????????
???????????????????Fig. 2.9(a)?????????????????
Fig. 2.8: ???????????
?????????????????????????????????????????
??????????????????????????? i = 0; : : : ;N?????????
??????i????????????????? tsi ; tei ????Fig. 2.9(b)???????
i???????????i = 0;N??????????????????????????
??????4(tsi ; tei ; tsi 1)?4(tsi ; tei ; tsi+1)?????????????????? cosθsi ?
? (2.3)??????Fig. 2.9(c)??
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Fig. 2.9: ??????
cosθs = f (ab) (b c)g bk(ab) (b c)kkbk (2.3)
???; a = tsi 1  tei ; b = tsi   tei ; c = tsi+1  tei
???4(tei ; tsi ; tei+1)?4(tei ; tsi ; tei 1)?????????????????? cosθei ????
???????????????? cosθsi  0?? cosθei  0???????i??????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????
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2.4 ??????????
????????????????????????????????????????
Fig. 2.10(a)????????????????????????????????????
?????Fig. 2.10(b)???????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????Fig. 2.10(c)????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????
2.5 ???
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????????????
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(a)
(b)
(c)
Fig. 2.10: ?????????????
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?3? ???????????????
??????????????
????????????????????????????????????????
?????????????????????????????????????????
?????? 3??????????????????????????????????
?????????????????????????????????????????
?????????????????
3.1 ????
????????????????????????????????????????
??????????????Fig. 3.1???????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????
????????????????????????K ???????????????
???? d?????????????????????????????????????
???????????????? ts??? te????????????????????
???? S????????? ts?te???? to???????????? ts?te????
????????????????????
????????????????????K ??????????? T o??????
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Fig. 3.1: ?????????
????????Fig. 3.2??????????????????????K i??????
??????? T oi ??? K iRT oi ????????? (3.1)???????????????
???? f ? Fig. 3.2??????????????
f = t
e
i   tsi
ktei   tsi k
(3.1)
?? T o?????????????????Fig. 3.2????
mx =
toi   toi 1
ktoi   toi 1k
; mz = mx f ; my = mzmx
? (3.2)?????Fig. 3.2????????? T o? x???mx???????mx? f ?
?mz???????mx?mz??my???????????? T o???????T o?
?? KiRT oi ?????
KiRT oi =

mx my mz

(3.2)
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Fig. 3.2: ????????? T o???
???Fig. 3.3(a)??????????????????????????????????
????to3 ! to4??????????????????????????????Fig. 3.3(b)
?????????????????????????????????????????
????? Fig. 3.4?????????????????? toi ????? toi 1??????
?????????????????? (3.3)????????????????????
???? vi???α????????????????????????????????
???? jθij? β?????????????????????????? toi 1?????
-39-
??????????? (3.3)????????????????????????????
???????????????? toi ??????????????
kvik> α?? jθij< β (3.3)
????vi = toi   toi 1; cosθi =
ni  vi
knikkvik ; ni =
WRT oi 1
0BBBB@
1
0
0
1CCCCA
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

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
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
(b)
Fig. 3.3: ??????? (a)???????? (b)???????
?????????????????????Fig. 3.5???????????????
???????????????????????????????? tds??? tde???
??????????????????????????????????????tds = to0
?????? tde ???????????????? 1????????????????
??????????????????????????????????? (2.2)????
?????????????????????? tds ?????????????????
????????????????????????? (3.4)?????????????
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Fig. 3.5: ?????????
?????????????????????????????????????????
??????????mz???????????? tde   tds??????????????
??????????????? Ldj ??????
WRT di =

mx my mz

(3.4)
mx =
tde   tds
ktde   tdsk ; mz = f mx; my = mzmx
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????? CAD????????????
?????????????????????
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3.2 ?????????
3.2.1 ????????
????????????????????????????????????????
??????????????????????????????????? 2.3????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????. ?????????????????????????????
????
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3.2.2 ??????????????
???????????????????????????????????? K ??
????? d???????????????????Fig. 3.6(a)???????????
?Fig. 3.6(b)????????????????????K ???????????????
???????????????? to????Fig. 3.6(c)??????to?????????
to??????? d????????????????????Fig. 3.6(d)????????
?????????????????????
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Fig. 3.6: ???????????
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3.2.3 ??????????????
????????????????????????????????????????
???????????????????????????????????????????
????????????? F = tsi ; tei????????????????????????
?????????????????????? 2.3???????????????
Fig. 3.7(a)????????????????????????????????????
???????????4(tsi ; tei ; tsi 1)?4(tsi ; tei ; tsi+1)?????????? cosθsi ?? 2.3?
?? (2.3)??????????? cosθsi ????????????????? (3.5)???
?????????
cosθsi = CalAngle(4(tsi ; tei ; tsi 1);4(tsi ; tei ; tsi+1)) (3.5)
???? cosθsi > 0??? cosθei > 0?????????????????????????
??????????????????????????????????tsi 1  tsi+1??
???tsi ???????????????? Fig. 3.7(b)????????????????
?????????tsi 1? tsi+1??????? ts
0
i ???????????????????
??????????????????4(tei ; tsi ; tei+1)?4(tei ; tsi ; tei 1)??????????
???????????? cosθsi ;cosθei ?????????????Convex hull?????
Algorithm 1???????????Algorithm 1???????????????????
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Fig. 3.7: ??????? (a)???????? (b)?????????
-44-
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????????????????????????????
Algorithm 1 Local Convex Hull, (ts, te)
loop
count = 0
for all i such that 1  i  N 1 do
cosθs = CalAngle(4(tsi ; tei ; tsi 1);4(tsi ; tei ; tsi+1))
cosθe = CalAngle(4(tei ; tsi ; tei+1);4(tei ; tsi ; tei 1))
if cosθs > 0 then
tsi  12
 
tsi+1  tsi 1

count++
end if
if cosθe > 0 then
tei  12
 
tei+1  tei 1

count++
end if
end for
if count = 0 then
return
end if
end loop
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3.3 ????????
????????????????????????????????????????
?????????????????????????????????????????
??????????????? 3.1??? (3.3)???????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????Fig. 3.8???????????????
???????????????????


Fig. 3.8: ?????????????
???????????? (3.6)?????????????????????????
????????????????????????????Fig. 3.9(a)?????????
?????????????????????????????????????????
???????????????????????Fig. 3.9(b)?????????????
?????????????????????????????????????????
???????????????? Fig. 3.9(c)????????????????????
?????????????????????????????????????????
????????????
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(a)







(b)







(c)
Fig. 3.9: ?????????? (a) ???????????? (b) ???????????
(c)????????
tc
0
i = t
c
i  minzi (3.6)
???; nzi =WRT oi (0;0;1)
T; mi = n
z
i  (tci   toi );
tci = (1  s)2toi+1+2s(1  s)toi + s2toi 1 ; (s = 0:5)
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?????????????????????????????????????????
????????????? 4.1??????????????????????????
???????????????????Fig. 3.10??????????????????
??????? T oi ;oi+1;T oi+2???????????Hi;Hi+1;Hi+2??????????
??????????????????????? T oi ;T oi+1;T oi+2?????Hi?????
????????????????????????????????? Hi;Hi+1;Hi+2?
???????????????????Hi????????????????????
?????????????????????????????????????????
???Hi Hi+2?????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????T oi ;T oi+1?
?????????????????
???????????????????????????????? T oi ;T oj ( j = i+
1; i+2;   N)?????????? x??????????????? z????????
? θxi; j;θzi; j?????? (3.7)??
cosθxi; j =
nxi nxj
knxi kknxjk
; cosθzi; j =
nzi nzj
knzikknzjk
; (3.7)
(nxk =
WRT ok (1;0;0)
T; nzk =
WRT ok (0;0;1)
T; k = i; j)
????T oi ?? T oi+2????????????? βx;βz???????? (3.8)?
θxi; j < βx ?? θzi; j < βz? (3.8)
????????? T oi+2?????????????? i???????????????
?????????????????????????????????????????
??????????????????????
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H 
H 
H 
H 
L

H 
	

T	
				
T	
				
T	

				 T	
				
T	
				
L


H 

Fig. 3.10: ??????????????????
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3.4 ??
???????????????????????3.4.1??????????????3.4.2
?????????????????????????????????????????
???????3.4.3????????????????????????????Fig. 3.8?
??????????????????????3.4.4?????????????????
?????????????????3.4.5?????????????????????
??????????3.4.6?????????????????????????????
?????????????????????
3.4.1 ????
????????
??????????????Fig. 3.11(a)??????????asus? xtion?????
?????????????polhemus? fastrak????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
ELA-FP1??????Fig. 3.11(b)??????????????????????????
??????????????????????????????????????????
??????????????????????Fig. 3.12???????????????
??????????????????????? RGB???????????????
???????????????????????????????????????
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(a)

	


	
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
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 !
"#$
(b)
Fig. 3.11: ?????? (a)?? (b)??????????????
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
	



 !
"#
Fig. 3.12: ?????????????
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????????
??????????ROS?Robot Operating System?[69]??????????????
????Fig. 3.13??ROS?????????????????????????????
?????????????????????????????????????????
3.1????????????????????????????
	

	
 	

	
	
	


	

	

 







 
!

!
"#
	

Fig. 3.13: ????????
???????
? 3.1??? (3.3)????????????????α? 1 cm?β? 45???????
?????????????????????????????????????????
???????????
-53-
3.4.2 ???????????
????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????? 3.3????????????????????????
?????????????????????????????????????????
?????
Case1: Fig. 3.14(a)?????36 cm???????? 50 cm?????????????
Case2: Fig. 3.14(b)?????36 cm?????????? 10 cm??????? 90???
???????????




(a)????????




(b)????????
Fig. 3.14: ????
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????????????????????????????????????????
?????????????????????????????????? 80cm?????
??????????????????????????????????10??????
???
 ?????????????????????????
 ????????????????????????????
 ????????????????????????????
???????????Input??????????????????Smoothing?????
????????Input,Smoothing????????????????Fig. 3.15(a)?????
????? x??? 1 cm?????????????? 1???????????????
????????????????????? x???????????????????
??????????????????????????????????????????
Table 3.1????????? 10?????????????? y???????????
? µy????????? 10?????? µθ?????????????????????
?? 5 mm???????????Case1,2??????????????????????
?????????????????????????????????????????
???Case1???????????????????????????????????
?????????????????????????????????????????
??????Fig. 3.15(b,c)?Case1?????????????????????????
?????????????????????????????????????????
??????????????? 3.4.5???????????????????????
???????????????????????????????????
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(c)??? 2
Fig. 3.15: ???????
Table 3.1: ??????????
Case1(line) Case2(curve line)
µy[mm] µθ[] µy[mm] µθ[]
Input 4.8 (2.2) 3.85 (0.84) 5.1 (2.5) 1.5 (0.6)
Smoothing 4.1 (1.9) 0.63 (0.42) 5.0 (2.5) 0.6 (0.2)
-56-
3.4.3 ??????????????????
????????????????????????????????????0,15,30,45?
????????? Fig. 3.16???????90? 2?10???????????????
Fig. 3.17????????????????????????????????Input data?
????????????????????????????????????????
?Conventional???????Proposed????????????????????????
?????????????????????????????????????????
????Fig. 3.18?????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????
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(d)???????45?
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 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
Fig. 3.16: ???????????????
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(c)????????5????
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(d)????????6????
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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 
Fig. 3.17: ????????????????
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(b)???????
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Fig. 3.18: ?????????
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3.4.4 ??????????????
????????????????????????????????????????
?????????????????Fig. 3.19(a)??????????????Fig. 3.19(b)?
?????????????????????Fig. 3.19(c)???????????????
??????????????Fig. 3.19(d)???????Fig. 3.19(c)??????????
??????????????????????????? Fig. 3.19(e)????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
? Fig. 3.19(f)???????????Fig. 3.19(g)??????????????????
?????????????????????????????????????????
?????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????????????????????????????
??????????????????????????????
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(a) (b)
(c) (d) (e)
(f) (g) (h)
Fig. 3.19: ?????????? (a)?? (b)??? (c)???????? (d)???????
?? (e)???????? (f)?????? (g)???????????? (h)??????
???????
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3.4.5 ??????????????????
????????????????????????????????????????
3.4.2?????????????????????Fig. 3.20??????????????
??????????????????????60 cm????????????????
????? 3.4.2??? 10??????????????????????????
?????????????????????? 4.1????????????????
???????????????????????????Fig. 3.20??????????
??????????????????????????????????????????
?????????????????????????????????????????
???? P????????????????????????????????????
?????????????? P??????????????????
Fig. 3.20: ???????????
Table 3.2: ?????????????
? µs[point] µe[m]
Input 42.3 (0.8) 0.04 (0.03)
Smoothing 5.2 (2.4) 0.03 (0.01)
Decreasing rate 85% -
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???????? 10??????????????????????Table 3.2????
????????????????????10??????? µs???????????
????????? P????????????????????????? 10????
??? µe?????????????????????????????????????
?????????????????????????Fig. 3.21(a,b)??????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????3.4.2?????????????????????????
?????????????????????????????????????????
????????????????
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(b)??? 2
Fig. 3.21: ????????
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3.4.6 ?????????????????
????????????????????????????????????????
????
????????????????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????
?????????? Fig. 3.22(a)?????????????????????????
????????????????????Fig. 3.22(b)????????????????
????????????Fig. 3.22(c)???????????????Fig. 3.22(d)????
?????????????Fig. 3.22(e)???????????????????????
????????????????????????
????????? Fig. 3.23(a)?????????????????????????
???????????????????????????????Fig. 3.23(b)?????
?????????????????????????????????????????
??????????????????????????????Fig. 3.23(c)??????
???????????????????????????????????Fig. 3.23(d)??
?????????????????????????Fig. 3.23(e)???????????
????????????????????????????????????
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(a) (b)
(c) (d)
(e)
Fig. 3.22: ?????????? (a)??? (b)???????? (c)???????? (d)?
???????????? (e)???
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(a) (b)
(c) (d)
(e)
Fig. 3.23: ?????????? (a)??? (b)???????? (c)???????? (d)?
???????????? (e)???
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3.5 ???
????????????????????????????????????????
?????????????????????????????????????????
???????????????????????????????????? 2.3???
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????
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?4? ?????????
????????????????????????????????????????
?????????????????????????????????????????
??????????????????????
4.1 ???????????????????????
????????????????????????????????????????
????????????????????????
4.1.1 ?????????
????????????????????????????????????????
????? hr, hl????????????????????H ri , H li (i = 0;1;   )????
???????W ????????????????? (4.1)??
W THi =
0B@WRHi W tHi
0T3 1
1CA (4.1)
????03 = (0;0;0)T????
????????????????????????????Fig. 4.1?????????
??????????????????H r0 , H l0 ???????????????????
??????????????????????????i??????????????
????????????????????????H ri ?H li ?????????? T di ?
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Fig. 4.1: ???
T
		
T
		
T
		
=T
		
T
		
T
		

T
		
T
		
H
	,
T
		
H
	,
T	
		
H
	,	
H
	,	
H
	,	
H
	
H
		
T
		
T
		
Fig. 4.2: ??????
???????H0?????????????????? T oi ??????Fig. 4.2???
??????H0?????????? T di ????????? T
d
i TH0 ?????????
??????????????????????? (4.2)???????????
W TH ri =
W TT oi
T di TH r0 ;
W TH li =
W TT oi
T di TH l0 (4.2)
????????????????????????????????????????
?????????????????????????????????????????
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Fig. 4.3: ??????????????????
?????????????????????????????????????????
???????????????????????Hi? i???????????????
???????????????? T di ?????? Hi???????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????Fig. 4.3??
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4.1.2 ?????????
?????????????????????? Fig. 4.4(a)????Hi,Hi+1?????
???????????Hi? T oi ???????????????Hi+1????????
???????????Ha????????????????????????????
?????????Hi,Hi+1?????Hb????????????? T oi ,T oi+1?????
?????????Ha?Hb????????????????????????????
??????????? Ti;Ti+1????? θxi;i+1??? βh??????????????
?????Fig. 4.4(b)??????????????????? Ti???????????
? qTi ???2?????????? n????????????????? (4.3)????
?????????????????????????????????????? qintk ?
?????
qintk =
sin

1  k
n

ω

sinω
qTi +
sin

k
n
ω

sinω
qTi+1 (4.3)
????ω = cos 1

qTi qTi+1

; (k = 0;1;    ;n)???????????????????
???H intk ??????????????H intk ???????????????????
????????????????????????????????
H 
T
		
T
		
H 
H 
H 

(a)
H
	
H
 	
T
			
T
			
H 
H 






(b)
 
Fig. 4.4: ?????????
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4.2 ?????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
???????????????
 ?????IK??????
 ????????????
 ??????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
??????????????? [70]?A* [71]???????????????????
????? [72–78]?PRM [79]? RRT [80]????????????????? [81–83]?
CHOMP [84]? STOMP [85]?????????????????????? [86, 87]??
?????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????Fig. 4.5(a)??????
??????? Joint1???????????? 180  180????????????
????????????A? Joint1????? 174?B? Joint1????? 179?C
? Joint1????? 176 ??????????????????Joint1???? 5??
-73-
????????????Fig. 4.5(b)????????????? Joint1????????
??????? 179  179????????????????????????????
???????B? Joint1????? 179?????????????CS??????
176????????????????????? 176???????????????
???????Joint1????+355????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????
179°
174° 176°
 

174° 179°
5°
176°
5°

180°~180°
0°
180° 180°
(a)
  
179°
174° 176°
174° 179°
5°
176°
	355°

179°~179°
0°
179° 179°
(b)
Fig. 4.5: ???????? (a)?? (b)? 2
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????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????IK???????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????
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4.2.1 ???????????
??????????????????????????Fig. 4.6????????????
?????????????????????????????? [88–97]???????
???? [98–102]????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????


 
 
Fig. 4.6: ??????????????
-76-
??????
?????????????????????????????Fig. 4.7???????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????

 




	
 



Fig. 4.7: ??????
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??????
?????????????????????????????Fig. 4.8???????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????
 




(a)
  



(b)
Fig. 4.8: ?????? (a)?? (b)? 2
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?????????????????
Fig. 4.9????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????
  
(a)
 
 
(b)
Fig. 4.9: ????????????????? (a)?? (b)? 2
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4.2.2 ???????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????4.2.1??
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????? [103–110]???????????????????????????????
?????????????????????????????????????????
???????????????????????? 4.2.1??????????????
??????????????????????????????????????????
????????? IK??????????????????????????????
?????????????????????? IK??????????????????
????????????????????????????????? IK??????
?????????????????????????????????? 2??????
?????????????
 ????????????????????
 ??? IK???IK????????????????????????
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????????
????????????????????????????????????????
?????????????????????????????????????????
???????
?????????????????????????????????V (i;d;h)???
??? i;d;h???????????????
 i 2 f0;1; : : : ;Ng:?????????
 d 2 f0;1; : : : ;Dg:????????
 h 2 f0;1; : : : ;Hg:???
???????????????????????????????????????????
?????????????V (i;d;h)?V (i0;d0;h0)??????????E(V (i;d;h);V (i0;d0;h0))
????????????????????????
 ????????????:Winter(E(V (i;d;h);V (i;d0;h0))
 ????????????:Wintra(E(V (i;d;h);V (i;d0;h))
 ???????????????:Wforward(E(V (i;d;h);V (i0;d;h))
???Fig. 4.10???????????????????? IK????????????
???????Fig. 4.11???????IK?????????????????????
Eforward???????? Eforward??????????????????????????
??Fig. 4.12????????????????????????? Einter;Eintra?????
???????????????????????Einter;Eintra?????????????
?????????????????????????????????????????
????????????????? 4.2.2?????????
???????????????????????????? i = 0??????? i = N
?????????????????????????????????????????
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?????????????????Fig. 4.13?????????? i = 0?i = N????
???????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????? IK????
?????????????????????????????????????????
???
?????????????????360??????????????????Fig. 4.14
????Fig. 4.14?????????????????????????????????
????????????????H = 2????????D = 3????????????
?????????????N = 36????????IK??????????Fig. 4.14??
?????D = 1;2????????????????????????????????
? IK?????????????????????????????????
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
 0,1, …
	
°
	
0,1, …


0,1, …
Fig. 4.10: ??????V ???
	


 0,1, …

	0,1, …

°
	0,1, …
Fig. 4.11: ???????????? Eforward???
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	

	

0,1, …	
°
0,1, …	

 0,1, …
Fig. 4.12: ????????? Einter?????????? Eintra???

	
Fig. 4.13: ??????????????????
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Fig. 4.14: ?????????????
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??????????
??????????????????????????
Winter = kinter Wpose Wgravity Wdirection (4.4)
Wintra = kintra Wpose Wgravity Wdirection (4.5)
Wforward = kforward (4.6)
??????????????????????????????????????????
???????????????????????????????? 1?M?M? 1??
????????????????????
 Wpose(i;d;d0):????????????????????????:?? 1?M
 Wgravity(i):????????????:?? 1?M
 Wdirection(i):???????????????????:?? 1?M
kinter;kintra;kforward??????????????????
Wpose(i)????????????????????????????????????
???????????Fig. 4.15??????????????????????????
????????????????????????


Fig. 4.15: ??????????????? θp
-86-
(a)




H
H

H
(b)
Fig. 4.16: ???????????? θg (a)??????????? (b) θg???
?????????????????????????????????????????
???????????????????????????????????????? d
??????????? d0??? θp????? (4.7)??
θp = jd d0j (0  θp  90) (4.7)
i??????????Hi?????? θpi;d;d0 ? 1M????????????????
?? (4.8)??
Wpose(i;d;d0) =
(M 1)θpi;d;d0
90 +1 (0
  θp  90) (4.8)
?????????????????????????????????????????
Wgravity(i)?????????????????????????Fig. 4.16(a)?????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????Fig. 4.16(b)????????????????????? my????????
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WH


H


H
(a)
W

H

W


W


(b)
Fig. 4.17: ????????????????????? θdir (a)????????????
?? (b) θdir???
??? vg????????????????? θg? 19???????????????
??? (4.9)??
θg =
jcos 1 my  vgkmykkvgkj

 90
 (0  θg  90) (4.9)
i??????????Hi?????? θgi ?? (4.10)????????????
Wgravity(i) =
(M 1)θgi
90 +1 (4.10)
??????????????????????????????????????????
??????????????????????
Wdirection(i)???????????????????????????????Fig. 4.17(a)
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????Fig. 4.17(b)????????????H??
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?????W ?????? (4.11)????????????? θdir??????
θdiri =

 
jcos 1 n 
Wmy
knkkWmyk
j 90
! (0  θdir  90) (4.11)
????n = Wmz

H mxWmz

????i??????????Hi?????????
θdiri ? 19????????????????????? (4.12)????????????
????????????????????????????????
Wdirection(i) =
(M 1)(90 θdiri )
90 +1 (4.12)
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?????
????????????????????????????????????????
?????????????????????????????????????????
????????Winter??????????Wintra??????????????????
?????????????????????????????????? k??????
?????????????????????????????????????????
????????????????3???????????????????
 kinter Winter = kinter Wpose Wgravity Wforward  kinter M3
 kintra Wintra = kintra Wpose Wgravity Wforward  kintra M3
 Wforward = kforward
??????Winter >Wintra >Wforward????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
(4.13)??????????????????????????????????????
????????????????????????????????
Call =
N
∑
j=0
logW j = log
N
∑
j=0
W j (Call :?????; Wj :??????) (4.13)
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??? IK??
????????????????????????????????????????
?????? IK????????????????? IK???????????????
???????????????????????????????? IK???????
????????????????
???????????????????? IK?????????????? Einter??
?????Cinter?? (4.14)???? Eintra???????Cintra?? (4.15)???? Eforward
???????Cforward?? (4.16)????????cinter??????? 1???????
??cintra??????? 1?????????cforward???????? 1????????
????
Cinter = NHP 2 (2DD)cinter (4.14)
Cintra = NH (DP 2)cintra (4.15)
Cforward = NHDcforward (4.16)
? (4.14,4.15,4.16)?????????????????????? IK??????????
?????????? IK?????????????????????1????????
?????????? cinter?? 100?????? cintra??????????????? IK
?????????????????????????????????????????
??????????????????? IK??????????????? IK????
?????????????????????????????????????????
??????? IK????????????????????????????????
???????????????????????? IK???????????????
????????? IK??????????????????????? IK??????
???????????????Fig. 4.18??????????????????????
??????? IK?????????????????????
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Fig. 4.18: ???????????
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4.3 ??
4.3.1 ????????
???????2??????????3???????????????ROS?????
?????????????Fig. 4.19????????????????????????
??????????????????????????????????????? 3.1
?????????????????????????????????????????
???????? 4.1???????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????
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Fig. 4.19: ????????
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4.3.2 ????
?????Fig. 4.20??????????Rethink? Baxter?????????????
?????????????Baxter??? 7?????????????????????
???????????????????????????Fig. 4.21??????????
???ROBOTIS?????????Dynamixel MX-106R???????????????
1??????????????????? 2?????????????????????
???????????????????0:1(rad=s)?????????????????
?????????????????????????????????????????
?????Fig. 4.22???????????? 4 cm?????????????????
???????????
Fig. 4.20: Baxter
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Fig. 4.21: ?????
Fig. 4.22: ?
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4.3.3 ?????????
????????????????????????????????????????
????4.3.3??????? 20 cm??? 40 cm??4.3.3??????? 15 cm??? 40 cm?
?????????????????????????????????????????
?????????????????????????????????????????
?????????????
??????)??????
????????????????????????Fig. 4.23????????????
???? 150??????????????????????????????????
??? 38.3 cm??????????????????????????????????
?????????????????????????????????????????
??????????????Fig. 4.24???????????????????????
??????)??????
?????????????????????????????????? 180????
???????????????????????? 40 cm????Fig. 4.25??????
???? 270???????????????????????????? 60 cm???
?Fig. 4.26???????????????????????????????
??????Fig. 4.27?4.28???????????????????????????
?????????????????????????????????????? 13 mm
?????????????????????????????????????????
?????????
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(a) (b)
Fig. 4.23: (a)?????????????????? (b)???????????????
??
(a) (b)
Fig. 4.24: ?????????? (a)?? (b)?
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(a) (b)
Fig. 4.25: (a)????????????????? (b)?????????????????
(a) (b)
Fig. 4.26: (a)?????????????????? (b)???????????????
??
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(a) (b) (c) (d)
Fig. 4.27: ?????????? (a)??????????????? (b)???????
??????? (c)??????? (d)?
(a) (b) (c) (d)
Fig. 4.28: ??????????? (a)??? (b)????????? (c)????????
? (d)??????????
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????????????????
??????Fig. 4.29(a)???????????????????????4.1.2????
????????? θxi;i+1 > 60?????????????????????Fig. 4.29(b)
?????????????????????????????????????????
??????????????????????????????


(a)
(b)
Fig. 4.29: ????????? (a)???? (b)????
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4.3.4 ?????????????
???????3.4.6???????????????????????????????
??????????????????????????????????????????
????????Fig. 4.30(a)????????????????????????????
??Fig. 4.30(b)???????????Fig. 4.30(c)??????????????????
?Fig. 4.31(a)?????????????????????????????? Fig. 4.31(b)
??????????? Fig. 4.31(c)?????????????????????????
?????????????????????????????
(a) (b) (c)
Fig. 4.30: ?????????? (a)???? (b)???????? (c)????
(a) (b) (c)
Fig. 4.31: ?????????? (a)???? (b)???????? (c)????
-102-
4.3.5 ????????????
?????????????????????????????Fig. 2.1(b)???????
???????? Fig. 4.32(a)???????????????????????? 4???
????????????????Fig. 4.32(b)????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????? Fig. 4.32?c  e?????????????????
??????? Fig. 4.32(f)?????????????????????????
(a) (b)
(c) (d)
(e) (f)
Fig. 4.32: ?????? (a)??? (b)??? (c) 1??? (d) 2??? (e) 3??? (f)??
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4.3.6 ???????????
????????????????????????????????????????
?????????????????????????????????? 90?????
????????????????????????????
??????
????????????????????????????????????????
?????????????????????????????????????????
???????????????????????????????Fig. 4.33???????
??????????????????
??????
???????????????????????????? 45??????????
?????????????????????????????????????????
????????????????????????????????Fig. 4.34?????
????????????????????
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Fig. 4.33: ?????????
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Fig. 4.34: ?????????
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4.3.7 L??????????
Fig. 4.35(a)????? 5 cm? L???? 7 cm??????????????????
Fig. 4.35(b)????????????????????????????????????
???????????? L?????? Fig. 4.36???????2??????????
????????????1:0 Wpose;gravity;forward  9:0??????????????? k
????? kforward = 1; kintra = 10; kinter = 10000?????????????? 90????
???????????????????????????
(a) (b)
Fig. 4.35: ???? (a) L?? (b)?????????????
(a) (b)
Fig. 4.36: ?????????????? (a)???? 1 (b)???? 2
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???????????L?????????????????????????????
L???????????????????????????? L??????????
????????????????????????? 2??????????????
Fig. 4.37?????????????? 1?????????????IK????????
?????????????????????????????????????????
???????????????????????????????????????? 1
?Fig. 4.37(a)????????? Fig. 4.38???? Fig. 4.40???????? 1??????
?????? 45????????????????????? 45??????????
??????????? 2?Fig. 4.37(b)????????? Fig. 4.39???? Fig. 4.41??
?????? 2???????????? 0?????????????????????
45?????????????????????????????? L????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????
??????N = 39;D = 3;H = 2??????????cforward = 1?cinter ' 100  200?
cintra ' 50 100?????????????cinter?cintra?????????????????
??????????????????????????????????????? (4.14?
4.15?4.16)?????????????????????????????Cinter = 234??
????????????????????????Cinter = 351cinter??????????
??????????Cintra = 234cintra????????????????????????
IK?????????????????????? IK????????????????
? IK??????????????????????????????????????
?????????????????????? IK?????????????????
?????????????????????????????????????????
?????????????????????????????????????
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(a)
(b)
Fig. 4.37: ???????? (a)???? 1 (b)???? 2
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Fig. 4.38: ????????????? 1?
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Fig. 4.39: ????????????? 2?
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(a) (b) (c)
Fig. 4.40: ??????????? 1?
(a) (b) (c)
Fig. 4.41: ??????????? 2?
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4.4 ??
??????????? 4.3???????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??? [111, 112]?????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????
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4.5 ???
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????????????????????????L?????
?????????????????????????????????????????
??????????????
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?5? ??
????????????????????????????????????????
?????????
? 2???????????????????????????????????????
?????????????????????????????????????????
???????????????????CG????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????
? 3??????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????? 2?
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????
? 4??????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
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?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????IK???????????????????????????
????????????????????????????? L???????????
??L??????????????????????????????????????
????????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????
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5.1 ??
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????.
?????????????????????????????????????????
??????? (?:?????????????????????????????????
????????:?????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
????. ????????????????????????????TRINH VAN VINH
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????
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????????????????????????????????????????
???????????????????
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